The magnetism and electronic structure of Li-doped SnO 2 are investigated using first-principles LDA/LDA+U calculations. We find that Li induces magnetism in SnO 2 when doped at the Sn site but becomes non-magnetic when doped at the O and interstitial sites. The calculated formation energies show that Li prefers the Sn site as compared with the O site, in agreement with previous experimental works. The interaction of Li with native defects (Sn V Sn and O V O vacancies) is also studied, and we find that Li not only behaves as a spin polarizer, but also a vacancy stabilizer, i.e.
I. INTRODUCTION
(SG136) under ambient conditions. 31 We used our previously optimized lattice parameters.
7
To simulate the defects a 2 × 2 × 2 supercell of SnO 2 containing 48 atoms was employed.
We considered the following models to investigate the detailed energetics and magnetic properties of different defects in SnO 2 . a) Li-doped SnO 2 : Li was doped at the Sn, O, and interstitial sites, denoted as Li Sn , Li O , and Li int , respectively. b) V Sn + Li Snj :In this case, V Sn was fixed at the center of the supercell, and Li was doped at different Sn j sites, with j = 1 − 6 (see Fig. 1(a) ).
c) V Sn + Li Oj : In this case, V Sn was fixed at the center of the supercell, and Li was doped at different O j sites, with j=I, II, III (see Fig. 1(a) ). We performed calculations in the framework of density functional theory (DFT) 32 using linear combination of atomic orbitals (LCAO) as implemented in the SIESTA code. 33 We used a double-ζ polarized (DZP) basis set for all atoms, which included s, p and d orbitals in
Sn and O (we polarized p orbitals, which added additional 5 d orbitals) and s and p orbitals in Li (we polarized an s orbital, which added 3 p orbitals). The local density approximation (LDA) 34 was adopted for describing exchange-correlation interactions. We used standard norm-conserving pseudopotentials 35 in their fully nonlocal form. 36 Atomic positions and lattice parameters were optimized, using a conjugate-gradient algorithm, 37 until the residual Hellmann-Feynman forces converged to less than 0.05 eV/Å. A cutoff energy of 400 Ry for the real-space grid was adopted. This energy cutoff defines the energy of the most energetic plane wave that could be represented on such grid, i.e. the larger the cutoff the smaller the separation between points in the grid (E ∼ G 2 ∼ 1/d 2 , where G is a reciprocal vector and d is the separation between points). Using the relaxed LDA atomic volume/coordinates, we also carried out LDA+U calculations by considering the on-site Coulomb correction (U = 6.0 eV) between the p-orbital electrons of O. 38, 39 We also cross checked some calculations with the VASP code, which uses plane waves and ultrasoft pseudopotentials.
40
The concentration of dopants and vacancies in a crystal depends upon its formation ener- give different defect formation energies.
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The formation energies for systems with intrinsic defects, either Sn or O vacancies, can be calculated in the following way:
where µ X is chemical potential of X (X = Sn, O), n is the number of atoms removed from the system and E d and E p are the total energies of the defected and the pure system, respectively.
The formation energy of the Li doped system can be calculated as
where µ Li is the chemical potential of bulk lithium, calculated as the total the energy per unit cell of bulk Li, n is number of atoms removed and m is number of atoms added to the system. We note again that some of these energies, which are very sensible, were cross checked with the VASP code.
III. RESULTS AND DISCUSSIONS
As stated above, we relaxed all the systems, so we will only discuss the relaxed data.
Comparisons will be made with the unrelaxed data where necessary. It is important to discuss the implication of the LDA+U approach before starting the discussion of the calculated results. Our LDA calculations show that SnO 2 has a band gap 0.9 eV which is comparable with previous LDA calculations. 43 It is known that LDA underestimates the band gap of materials, which can be corrected by applying the LDA+U approcah. The LDA+U calculated band gap of SnO 2 in our case is ∼ 3.10 eV which is comparable with the experimental and theoretical values of 3.20 eV. 44, 45 It is to be noted that the formation energies of relaxed LDA systems can also be affected by the U term, which will be discussed wherever required. the Sn site will not distort the structure and it is therefore expected that the Sn site will be favorable for Li doping. Indeed our calculations also show that Li at the Sn site has the lowest formation energy as compared with the O site, which agrees with experimental observations. 30 On the other hand we found that the unrelaxed Li at the O site has a large formation energy under the equilibrium condition. The formation energy of Li at the O site was very large when structural relaxation was not allowed but decreased significantly when structural relaxation was permitted, which produced a large structural distortion.
The structural analysis showed that when Li is doped at the O site, it goes to an interstitial site and leaves behind an O vacancy. So, this indicates that the formation energy of O is lowered mainly due to a structural deformation which is accompanied by the movement of Li to an interstitial position. At the same time, the system remains nonmagnetic. To be more confident, we also carried out separate calculations on Li at interstitial sites with and without O vacancies, and we got the same conclusion, which will be discussed below.
Comparing the LDA and LDA+U calculated formation energies, it is clear that LDA+U changes only the formation energy of the Li O system, whereas the rest of the cases remain similar.
As Fig. 2 ). As can be seen, the substitutional Li impurity polarizes the host band, which gives rise to a induced impurity peak close to the valance band edge in the spin-down part of the total DOS, while the spin-up part is influenced slightly. Such a behavior suggests that Li behaves as a p type dopant in SnO 2 .
30
The low lying s orbitals of Li are spin-polarized and strongly hybridized with the p orbitals of O. The Fermi energy is mainly dominated by the p orbitals of O, which indicates that magnetism is mainly induced by the p orbitals and localized at the O atom. Indeed, the oxygen atoms surrounding the doped Li are the main ones that contribute to magnetism.
We also see that the spin down state is partially occupied which contributes to the magnetic moment. The majority s spin states of Li are completely occupied and the minority spin states are partially occupied, leading to a significant spin splitting near the Fermi level.
To further emphasize on the nature of magnetism, the spin density contours are shown in show that Li couples ferromagnetically.
50

B. Interaction of Sn vacancies with Li
We will move now to discuss the interaction of intrinsic defects (Sn and O vacancies)
with Li. We found that a single Sn vacancy induces a very large magnetic moment (LDA and LDA+U)∼4.00 µ B , which agrees with previous calculations. 7 However, V Sn has a very large formation energy in both O-rich (6.87 eV) and Sn-rich(14.44 eV) conditions, which is not significantly reduced after structural relaxation. To decrease the formation energy of V Sn , which is the core of this article, we doped Li at different Sn sites (see Figure 1) , with the Sn vacancy at the center of the supercell. The formation energies are given in Table (II) . We can see that the unrelaxed systems have large positive formation energies (endothermic processes), but after structural relaxation they turn to negative formation energies (exothermic processes).
This effect of structural relaxation on the defect formation energies was also confirmed using VASP. For example, the relaxed (unrelaxed) defect formation energy of the V Sn +Li O II system under equilibrium conditions was found to be -3.74 (5.39) eV using the SIESTA code, whereas VASP gave -4.08 (4.51) eV. When Li was doped at O sites around V Sn it moves to an interstitial configuration (near V Sn ) after structural relaxation. This exothermic process leaves behind an oxygen vacancy and an interstitial Li near V Sn (see Fig. 4 ), which indicates that doped Li does not prefer the O site, but the interstitial site. As shown also above, the Li O and Li int systems have no magnetic moment, whereas V Sn has a large magnetic moment.
However, when Li is doped at the O site, three out of the four holes generated by V Sn are compensated by the 2 − charge state of V O and one electron of Li, leaving behind a single hole that gives a magnetic moment of 1.00 µ B . When Li is far from V Sn (V Sn +Li OIII case), it does not form a stable structure.
We discuss now the interaction of Sn vacancies with Li int . In this case, we doped Li at an interstitial site which was 5.37Å away from V Sn . The defect formation energy of this system is given in Table (II Fermi levels. In all LDA cases, the oxygen spin-up p orbitals were occupied whereas the spin-down p orbitals were partially occupied, similar to the DOS of V Sn . 7 With LDA+U the oxygen p orbitals are almost totally occupied, as expected due to the U.
C. Interaction of O vacancies with Li
It is believed that Sn vacancies have higher formation energy as compared with O vacancies. Indeed, we found that the O vacancy has a defect formation energy (1.64 eV) much smaller than that for the Sn vacancy. We therefore considered also the interactions of O vacancies with Li. First, we doped Li at the Sn site and varied the position of the O vacancy.
The calculated defect formation energies are shown in Table ( Before summarizing our work, the electronic structure of the above mentioned defect complexes will be presented. We have shown that the band gap of SnO 2 can easily be recovered using the LDA+U approach. It is also interesting to note that the defect formation energies of defective systems can be improved by LDA+U, according to calculations on binding energies of similar defective systems. [55] [56] [57] However, recent progress in DFT shows that defect states can be more accurately described with hybrid functionals, such as the (atomic) self-interaction corrected functional (SIC or ASIC) or the Heyd, Scuseria, and Ernzerhof (HSE) functional.
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These approaches can accurately account for the self interaction correction, which not only act upon the levels on which U is applied but on the whole electronic structure. Hence, more accurate defect states are expected from such type of calculations. However, this does not change the main conclusion of our work, as similarly pointed out by Janotti et al.,
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who compared the defect formation energies of ZnO using LDA+U and hybrid approaches.
Carter et al. 60 also studied defects in GaN using GGA and SIC, and both approaches gave qualitatively the same results. A recent comparative study between the LDA+ U and the HSE hybrid functional in ZnO shows that the defects thermodynamics can correctly be described by LDA+U. 58 Therefore, although it is expected that SIC (or ASIC) and HSE would have more profound effects on the electronic structure, we believe that LDA+U can correctly describe defects in SnO 2 , at least qualitatively.
A note of caution should be added however when comparing the formation energies of oxygen defects with those of other defects, since the application of the U functional on the oxygen p states particularly improves the electronic structure of oxygen related defects, as opposed to a bare-LDA less accurate treatment of other cases. However, the relative trends with/without U are the same for all cases and the differences induced by the U on the oxygen defects are comparable to the rest of defects (although larger, see Table 1 ). For these reasons we believe these results are qualitatively correct. Notice again that a more general treatment with hybrid functionals such as SIC 60, 62 or HSE 59 would affect more democratically the whole electronic structure and improve the results.
IV. SUMMARY
We investigated the energetics and magnetism of Li-doped SnO 2 systems with and without native defects using density functional theory (DFT) with LDA and LDA+U. Lithium was doped at Sn, O, and interstitial sites and it was shown that it can induce magnetism in SnO 2 when doped at the Sn site. No magnetism was found however when Li was doped at the O and interstitial sites. The defect formation energies showed that Li doped at the Sn site is more favorable than doped at the O site. We found that Li at the Sn site also
shows a large magnetic moment (3.00µ B ), and the origin of magnetism was discussed in terms of electronic structures and spin densities. Native defects, Sn vacancies (V Sn ) and O vacancies (V O ), were also studied and it was observed that magnetic V Sn has higher defect formation energy than non magnetic V O . To reduce the defect formation energies of these native defects, the interactions of Li with V Sn and V O were also studied. The calculated defect formation energies of these native defects were significantly decreased by Li. Our calculations showed that V O helps to promote magnetism in Li doped SnO 2 , in agreement with general experimental speculations. Structural relaxations were shown to be important when the interactions of Li with V Sn were considered. Comparison of our studied system with previously synthesized systems was also discussed and it was concluded that Li doped SnO 2 is another good candidate in the filed of spintronics. 
